The Jupiter Icy Moons Explorer (JUICE) mission will perform detailed measurements of the properties of the Galilean moons, with a nominal in-system science-mission duration of about 3.5 years. Using both the radio tracking data, and (Earth-and JUICE-based) optical astrometry, the dynamics of the Galilean moons will be measured to unprecedented accuracy. This will provide crucial input to the determination of the ephemerides and physical properties of the system, most notably the dissipation in Io and Jupiter.
Introduction
The Jupiter Icy Moons Explorer (JUICE) mission will study the Jovian system in 2030-2033, with a focus on investigating the icy moons Europa, Ganymede and Callisto (Grasset et al., 2013; Titov et al., 2014) . To attain its science goals, the mission carries 11 scientific experiments. In this article, we focus on the use of the Planetary Radio Interferometry and Doppler Experiment (PRIDE) (Gurvits et al., 2013) . The PRIDE experiment is unique, in the sense that it requires no dedicated on-board hardware beyond what will already be available aboard the JUICE spacecraft for communications, tracking, and the Gravity and Geophysics of Jupiter and the Galilean Moons (3GM) experiment (Iess, 2013) .
The mission profile consists of a number of flybys of Ganymede and Callisto over a period of 2.5 years, as well as two flybys of Europa spaced two weeks apart. Subsequently, the spacecraft will enter orbit around Ganymede, initially with a semi-major axis of about 8,000 km during the GCO/ GEO5000 phase (eccentricity e between 0.0 and 0.6) lasting about 5 months. Thereafter, the spacecraft will be inserted into its final spherical orbit at 500 km altitude (denoted GCO500), which is to last for a nominal duration of 4 months. The JUICE mission design that we have used here is provided in the Consolidated Report on the Mission Analysis (CREMA), version 2.0. The timing of the flybys, as well as the viewing geometry, is shown in Fig. 1 .
The PRIDE experiment uses the radio signals transmitted by the spacecraft's High and Medium Gain Antennas (HGA and MGA) to determine the lateral position of the spacecraft, i.e., the position in the two mutually orthogonal directions perpendicular to the line-of-sight vector (Duev et al., 2012) in the International Celestial Reference Frame (ICRF). These measurements are obtained by means of Very Long Baseline Interferometry (VLBI), using a large ( 10) number of Earth-based radio telescopes to simultaneously observe the radio signal emitted by the spacecraft. In addition to the lateral position observable, the PRIDE experiment produces ad hoc Doppler data of the spacecraft's radial velocity, as observed by each ground station (Duev et al., 2016) .
The PRIDE data can be used to improve the frame ties between the dynamical reference frame and the ICRF (Park et al., 2015) , to probe the Jovian atmosphere by means of radio occultation observations (Bocanegra Bahamon et al., 2015) , to complement the Doppler data from 3GM for JUICE orbit determination, and to improve the ephemerides of the Jovian system (Gurvits et al., 2013) . Also, for periods of poor observational geometry (see Fig. 1 ), the VLBI data itself may be used to better constrain the spacecraft's orbit. Our focus in this article is an analysis of the improvement in the ephemerides, in particular for the Galilean moons. Especially the orbital phase of JUICE at Ganymede will allow the ephemerides to be improved dramatically. JUICE orbit determination uncertainty in this phase will be < 10 m (Parisi et al., 2012) , allowing the signature of the satellite's dynamics to be much more accurately extracted from the tracking data than is the case for flybys. Moreover, the fact that the motion of Ganymede will be measured over dozens of full orbital periods (indirectly, through JUICE), as opposed to snapshots provided by flybys, will allow the ephemerides to be much more accurately determined than has been the case for planetary satellites thus far.
VLBI measurements have been used on a large number of past and current planetary missions such as Vega (Preston et al., 1986) , Ulysses (Folkner et al., 1996) CassiniHuygens (Pogrebenko et al., 2004; Lebreton et al., 2005; Jones et al., 2015) , Chang'E-1 (Jianguo et al., 2010) , IKAROS (Takeuchi et al., 2011) , Venus Express (Duev et al., 2012) , MRO (Park et al., 2015) , Mars Express (Duev et al., 2016) and Juno (Jones et al., 2017) . Present state-of-the-art measurements provide lateral position (right ascension α and declination δ) measurements with an uncertainty in ICRF of approximately 1.0 nrad (≈ 200 µas) or slightly better.
The range measurements from 3GM, supplemented by the lateral position data from PRIDE, will be invaluable for the construction of improved ephemerides of Jupiter and its moons. Doppler data, produced by 3GM and supplemented by PRIDE, will be the primary input for the determination of the spacecraft's trajectory, as is typical in space mission tracking data analysis (e.g., Pitjeva, 2001; Fienga et al., 2014; Jones et al., 2015) . The Doppler data will have negligible impact on the determination of the planetary ephemeris, but does contain crucial information on the satellite dynamics, in addition to the spacecraft orbit.
Improved satellite ephemerides will benefit a range of scientific fields. Various properties of the Galilean moons and Jupiter can potentially be constrained by reconstructing the moons' dynamics (Lainey et al., 2009; Dirkx et al., 2016) . In particular the determination of tidal dissipation in the system can be uniquely constrained by accurately reconstructing the bodies' dynamics over long time intervals (>100 years) The dynamical behaviour of the Galilean moons is crucial in understanding the long-term behaviour of the Jovian system (Peale, 1999; Greenberg, 2010) , as well as the internal processes of the moons (Hussmann et al., 2010) . Furthermore, the present configuration and properties of the Galilean moons can be used to shed insight onto the formation and evolution of the solar system (Deienno et al., 2014; Heller et al., 2015) . Additionally, the investigation of the Galilean moons (most notably Europa) as a possible habitat (Marion et al., 2003) would greatly benefit from an improved determination of both the internal heat production and long-term thermal-orbital evolution of the moons. From a more practical point of view, improving satellite ephemerides allows spacecraft to target flybys, or orbit insertions, more accurately (Murrow and Jacobson, 1988) . This results in a more robust mission planning, and a reduced ∆V budget allocated to orbit corrections, reducing the mass and cost of a mission.
A sensitivity analysis of the dynamics of the Galilean moons to various physical characteristics (i.e., tidal, rotational and gravitational) was performed by Dirkx et al. (2016) , with a focus on the JUICE mission. There, it is concluded that the influence of most physical parameters will be absorbed into the estimation of the moons' initial states. Important exceptions are the k 2 /Q of Io and Jupiter, which have been previously estimated by Lainey et al. (2009) using 117 years of astrometry data. Dirkx et al. (2016) also conclude that Europa's k 2 /Q and Io's k 2 , which are both at present unconstrained from observations of the dynamics, may be observable.
Our goal in this article is to analyze the relative contribution of the lateral position (VLBI) data obtained from the PRIDE experiment. We determine the formal uncertainty of the position of the Galilean moons, and the associated physical parameters, from simulated radio tracking and optical astrometry data that will be collected by the JUICE mission, providing insight into the science return of the mission, and the synergy between the various experiments. The results presented here will be crucial in the further development of both the PRIDE observational planning, as well as ground segment infrastructure and data analysis upgrades. We vary a broad range of system and mission characteristics to analyze the influence of the experiment under many different conditions, providing a clear and quantitative picture of the strengths and weaknesses of PRIDE's VLBI data. As we aim to analyze the influence of a large number of combinations of characteristics, we require a model that is computationally efficient in running a single simulation. To achieve the required computational efficiency and make our analysis tractable, we decouple the orbit determination of the spacecraft from the ephemeris generation.
We outline the methods and models for the simulation of the tracking data in Section 2, where we discuss the decoupling between ephemeris generation and orbit determination and the impact this has on our results. Models used to simulate the ephemeris uncertainty are presented in Section 3. The results of analysis of the Galilean satellite ephemeris uncertainty are discussed in Section 4. The results for the uncertainty of the Jovian ephemeris and physical parameters of the Jovian system are discussed in Section 5. Finally, we present our conclusions in Section 6.
Data modelling and simulation
In this section, we discuss the JUICE tracking data that we use in our simulations. We start by discussing the types of tracking data in Section 2.1. We discuss considerations related to orbit determination of the JUICE spacecraft in Section 2.2 and present the weights we use for the data in Section 2.3.
Tracking Data Type Selection
The information content of the moon dynamics is encoded in the 3GM and PRIDE data (Doppler, range and VLBI) by its signature on the dynamics of the spacecraft when it performs a flyby, or is in orbit of, one of the moons (e.g. Moyer, 2000; Milani and Gronchi, 2010) .
The dynamics of the spacecraft w.r.t. the moons (position and velocity denoted by r i sc (t) andṙ i sc (t), respectively, for moon i) is reconstructed almost entirely from the Doppler data. Here, we are only indirectly interested in the orbit determination of the spacecraft itself, through its coupling with the ephemeris generation. Including the estimation of the spacecraft dynamics directly in our simulations would greatly increase the runtime of a single simulation, as it would require a (constrained) multi-arc solution (e.g. Alessi et al., 2012) of the spacecraft over the full mission duration. For our simulations, we employ covariance analyses of the estimation quality. Covariance analysis for spacecraft orbit determination is typically much more optimistic (in terms of true-to-formal error ratio) than for planetary/satellite ephemerides (Section 3.2). Coupling the analysis of the two would complicate the interpretation of the formal errors that we obtain for the satellites.
For these reasons, we do not directly estimate the state of the spacecraft. However, the orbit determination of the spacecraft is indirectly included, as discussed in detail in Section 2.2. By decoupling the orbit determination from the ephemeris generation and introducing spacecraft orbit errors as mission settings (see Section 2.3), we parametrically include the influence of orbit determination quality. This allows us to perform our broad analysis, while still retaining sufficient model fidelity to analyze the relative influence of JUICE-PRIDE data.
The Doppler data is by far the main contributor to the JUICE orbit determination. Nevertheless, it is also crucial for the ephemeris generation, especially during the flybys, and we therefore retain it in our analyses. The data types we use for our simulations are: Here, indices J, i and sc denote Jupiter, satellite i (Io=1, Europa=2, Ganymede=3, Callisto=4) and the spacecraft, respectively. Similarly, α k and δ k denote right ascension and declination of element k, where no superscript denotes a measurement from Earth, and sc superscript the measurement from the spacecraft. Note that the all reference frame have the same orientation as the global frame.
• Range |r sc |(= r sc ) from Earth-based tracking stations to the spacecraft during flybys/orbit of the moons, obtained by 3GM
• Doppler |ṙ sc |(=ṙ sc ) from Earth-based tracking stations to the spacecraft during flybys/orbit of the moons, obtained by primarily by 3GM, and supplemented by PRIDE 1 .
• Lateral positions (VLBI data) observed from Earth, referenced to the geocenter, (δ sc , α sc ) of the spacecraft during flybys/orbit of the moons, obtained by PRIDE
• Optical astrometry of the moons i from the JANUS instrument and/or the navigation camera (NavCam) (δ These quantities are shown schematically in Fig. 2 . The first three tracking types are observations of the JUICE spacecraft, whereas the latter two are direct, optical astrometric, observations of the moons. Both spacecraftand Earth-based optical astrometry have been used in the generation of the ephemerides of various planetary satellites (e.g. Lainey et al., 2007; Rosenblatt et al., 2013; Lainey et al., 2017) . We note that the generation of satellite ephemerides from JUICE data will be fundamentally different than has been the case for other missions (e.g. Galileo, Cassini), due to the orbit phase at Ganymede. This will allow the motion of Ganymede to be sampled over many orbits, as opposed to the snapshot positions that are obtained from flybys. The full set of tracking data during the orbit phase will contain a superposition of numerous signatures, primary among them the orbit of Ganymede around Jupiter (period of about 172 hours) and JUICE around Ganymede (about 3 hours). The 172 hour signature in the data, from which Ganymede's ephemeris will be largely obtained, makes the range data much more influential than is the case for flybys (where Doppler data is by far the primary source of information for satellite ephemerides). In fact, analyses by Dirkx (2015) ; Cicalò et al. (2016) show that 10 µm/s Doppler data (at 60 s integration time) will be less sensitive than 20 cm range data to a signature of 172 hours. Cicalò et al. (2016) analyze the performance of the BepiColombo radio tracking system, which is similar to that which will be carried by JUICE, and conclude that the signature of effects with a period > 10 5 s (≈28 hours) are better observed in the range data, compared to the Doppler data.
Consideration of JUICE orbit uncertainty
As discussed in the previous section, we omit the orbit determination of the spacecraft from our simulations. In this section, we will discuss the consequences of this assumption, and indicate how we indirectly include it in a parametric manner for our simulations.
The range and VLBI observables encode the three components of the vector:
while the Doppler data encodes the time-derivative of its line-of-sight component. Here, the superscript denotes the origin of the frame in which the vector is expressed (I denotes an inertial barycentric frame), and the subscript denotes the body of which the position is expressed (E denotes Earth). However, in our analysis, we are interested in the state of the moon i at which the flyby occurs, w.r.t. Jupiter, denoted r J i . To relate this term to (the components of) our observed r sc , we decompose the spacecraft position as:
which includes the JUICE spacecraft position w.r.t. the moon, denoted r i sc is not. Since we decouple our analysis of the ephemeris uncertainty from the orbit determination of the spacecraft, we are left with the challenge of properly including the uncertainties of the determination of r i sc into our analysis. There is a strong coupling between the orbit determination of the spacecraft during a flyby, and the estimated Jupiter-centered position of the moon during that flyby. Orbit determination of the spacecraft, in which the uncertainty in the moons' dynamics is not considered, will only yield a conditional uncertainty of the spacecraft's dynamics. Using such a conditional orbit determination during the ephemeris generation will lead to optimistic results (in terms of formal errors), as the conditional uncertainty of the satellites' states is much smaller than its marginal uncertainty (Milani and Gronchi, 2010) . We note that this effect will be especially pronounced during the flybys.
We neglect the Earth's ephemeris uncertainty (compared to that of Jupiter), and we can write the conditional uncertainty of the signature of the moon and planetary dynamics in the measurements as:
where r sc is defined by Eq. (1). We see that the conditional uncertainty in the measurements r
) is the combination of the measurement uncertainty and JUICE's position uncertainty w.r.t. the moon under consideration.
Ideally, we would estimate the dynamics of the spacecraft in a single arc during the mission, concurrently and consistently estimating it with the moons. However, this is both practically and fundamentally not possible. Practically, errors in the dynamical modelling of the spacecraft will prevent the accurate reconstruction of the dynamics over such long time periods (even when estimating corrections to force models during the inversion). Fundamentally, the complete dynamics of the spacecraft over the course of its ∼ 20 flybys will be chaotic, so that the observations span beyond the computability horizon (Spoto and Milani, 2016) , making the use of a single arc impossible. This issue could be tackled by the use of the constrained multi-arc methodology (Alessi et al., 2012; Cicalò et al., 2016) . Using this method, information is passed between neighbouring arcs in the form of constraints, recognizing the fact that the estimated arcs belong to the same object, while preventing a single arc from passing beyond the computability horizon. Such an approach would be crucial in the robust and detailed analysis of the spacecraft orbit determination. Such an approach is not feasible here, however, as we must analyze many (∼ 10 5 ) different cases of mission and system parameters, requiring a fast model for a single evaluation. Moreover, our primary goal is not to provide absolute uncertainties, but instead to provide insight into the relative contribution of PRIDE-JUICE.
When using Eq. (3) to obtain uncertainties for measurements of satellite state, the main model simplification that needs to be overcome is the implicit assumption that the conditional uncertainties of r J i and r i sc are the same as their marginal uncertainties. For the orbital phase, this assumption is reasonable, as the signature of Ganymede's orbit about Jupiter will be distinct from JUICE's orbit about Ganymede, allowing the two to be well decorrelated in the estimation. For the flybys, this is not the case. To mitigate this, we exploit the fact that the flybys are very short compared to the satellites' orbital periods. As a result, the influence of the uncertainties in the moons' positions when estimating the dynamics of JUICE during flybys is essentially that they are biased. This effect is included into our model by estimating per-arc biases for each of the data types.
For future work in which the absolute uncertainties are a primary goal, the issues of the joint uncertainty of JUICE, the satellites and Jupiter must be more rigorously addressed. Additionally, optimizing the observation schedules of the various tracking data to maximize the science return of the mission will require such a combined analysis. For the planning of the VLBI data, this will include considerations of obtaining tracking data away from the flybys, to allow the arcs of the spacecraft dynamics to be more accurately joined in the constrained multi-arc methodol- Table 1 : List of conditional (fixed moon ephemerides) JUICE spacecraft position uncertainties in radial (R) along-track (A) and crosstrack (C) direction during the three phases of the mission (nominal case in bold). ogy.
Data quality and weights
In this section, we discuss the inherent quality of the data that are used as input to the covariance analyses, as well as the associated weights used in the covariance analysis, which includes the JUICE orbit determination uncertainty (Section 2.2).
Doppler data uncertainty for JUICE (denoted σṙ) is expected to be at the level of 10 µm/s at an integration time of 60 s. The range measurements r sc obtained by 3GM are expected to have a measurement uncertainty (denoted σ r ) of 0.2 m (Iess, 2013) . However, the measurement uncertainty of the range data is not purely white and uncorrelated. Thus, it can result in overly optimistic simulation results from a covariance analysis. An independent range measurement can be created once every 5 minutes.
The present uncertainty in VLBI measurements α and δ (collectively denoted σ h ) of planetary targets is at the 1.0 nrad(≈ 200 µas) level (Lanyi et al., 2007; Duev et al., 2012; Jones et al., 2015; Park et al., 2015; Duev et al., 2016) . However, current systems use an X-band signal, while for JUICE, both a Ka-and an X-band signal will be available. The use of the Ka-band signal, which has a wavelength that is nearly 4 times shorter than at X-band, could in principle result in observables that are 3-4 times more precise (Lanyi et al., 2007; Curkendall and Border, 2013) . We note that the use of K/Ka-band signals in VLBI is at present relatively uncommon, and sufficiently strong reference sources are sparser than at X-band (Majid and Bagri, 2008) . Moreover, the beam size scales linearly with wavelength resulting in a Ka-beam being 4 times smaller than that of the same telescope at X-band. Nevertheless, work on extending the celestial reference frame, operations and station capabilities, to K/Ka-band frequencies is ongoing (Horiuchi et al., 2013; Tremou et al., 2015; Malkin et al., 2015) .
An additional promising technique for improving the precision of the VLBI observable is the use of in-beam phase referencing (e.g. Fomalont et al., 1999) . By using such a technique, the reference source and spacecraft signal are simultaneously observed by the telescopes, allowing improved data quality. However, the use of in-beam phase referencing at Ka-band will prove to be very challenging, since there are significantly fewer compact reference sources at this higher frequency (Majid and Bagri, 2008) .
To assess the influence of these possible improvements in VLBI data quality, we will analyze the uncertainty in the ephemeris generation for measurement uncertainties of 0.1, 0.5 and 1.0 nrad. In doing so, we obtain a direct link between possible system improvements and the strengthening of JUICE's science return, providing a robust scientific case for whether or not the effort to improve the VLBI data quality of PRIDE-JUICE should be made.
Based on the discussion in Section 2.2, we synthesize direct Doppler/range/VLBI measurements of the Galilean moons (see Fig. 2 ) by incorporating the conditional uncertainty in r . We denote the synthetic direct measurements of range, Doppler, declination and right ascension asr i , r i ,δ i andα i , respectively. Since σ rsc ≪ σ r i sc , we can simply add the uncertainty in the spacecraft's moon-centered position and velocity to the observation uncertainty, by projecting σ r i sc onto range, right ascension and declination vectors, respectively. As a result:
We stress that the JUICE orbit will be determined arcwise in the actual data analysis, whereas we determine the dynamics of the moons over a single arc. As noted in Section 2.2, the fact that the marginal and conditional uncertainties of both the satellites and spacecraft dynamics are not equal, especially for the flybys, is (to first order) mitigated by including per-arc estimation of observation biases.
We show the values we used for the components of σ r i sc and in Table 1 . We distinguish between orbit determination during the flybys, GCO/GEO5000 phase and the GCO500 phase. Furthermore, we set different uncertainties on the radial, along-track and across-track components. These values are assumed constant per simulation case/mission phase. Clearly, the values provided in the table provide a broad range of uncertainties, which are in part derived from the performance of the Cassini mission during flybys (Antreasian et al., 2008) , as well as numerical simulations (for the GCO500 phase) performed by Parisi et al. (2012) , as also discussed by Dirkx et al. (2016) . The uncertainties in spacecraft velocities σṙi sc are obtained from σ r i sc , scaled using the appropriate characteristic time ∆T . In the case of the flybys, ∆T is the tracking arc duration. For the orbit phases, ∆T is the orbital period. For the flybys, the uncertainties in the alongand cross-track direction positions map directly to the corresponding velocities, as does the root-sum-square of the radial and along-track direction. The scaling factor for the flybys is ∆T /4. For the orbit phase, the situation is the same, with the exception that the uncertainty in radial position maps to uncertainty in along-track velocity. The scaling factor for the orbit phase becomes ∆T /2. In Appendix B, we compare our values in Table 1 to preliminary analysis of JUICE orbit determination.
The Earth-based astrometry data can be realized directly, or derived from photometry obtained during eclipses/ mutual events, which provides more accurate measurements of the relative satellite positions (Arlot et al., 2014) . The photometric observations can only be obtained during periods of specific observational geometry, though. The recently proposed method of mutual approximations (Morgado et al., 2016; Emelyanov, 2017) may allow similar data to be obtained with a more relaxed observational schedule. The direct astrometry from Earth will benefit from the Gaia star catalogue (Arlot et al., 2012; Robert et al., 2017) , which should allow Earth-based absolute optical astrometric measurements of the Galilean moons at the 20 mas (100 nrad) level. In our simulations, we use 10, 20 and 50 mas measurement uncertainty for the Earth-based direct astrometry data. This corresponds to a linear position uncertainty of approximately 38 km, 75 km and 190 km at Jupiter, respectively (at a distance of 5.2 AU).
The quality of the astrometric observations made by the JUICE spacecraft, however, are not limited by the quality of the star catalogue. The positioning of the Galilean moons from JUICE-based astrometry is complicated by the small distance at which the observations are made. As a result, the moons present themselves as extended bodies in the image plane, requiring a mapping from the center of figure to the center of mass of the moons (e.g., Pasewaldt et al., 2012) . This mapping will limit the accuracy to which the dynamics of the centers of mass of the moons can be measured. We use a linear measurement uncertainty of 5, 10 and 20 km for α sc i and δ sc i .
Ephemeris uncertainty simulation
Here, we describe the approach we take to simulate the uncertainty of the ephemerides of the Jovian system from JUICE tracking data. In Section 3.1, we discuss the parameters that we consider in our simulations. We make use of covariance analysis, the details for which are discussed in Section 3.2. The observation scheduling that we use in our simulations is discussed in Sections 3.3. Finally, we discuss the inherent rank deficiency in our estimation problem, as well as mitigation strategies, in Section 3.4. We note that the long-term improvement in satellite ephemerides depends not only on the results of the JUICE mission, but also on the tracking data and estimation quality of related missions such as Juno, Europa Clipper, etc., as well as ground-based campaigns both before and after the JUICE mission. As such, realistically propagating the ephemeris uncertainties over long time periods is well beyond the scope of this work, as it would require the analysis of a range of additional existing and upcoming data sets.
Estimated parameters
A detailed analysis of the sensitivity of the moons' dynamics to various perturbations over the timeframe of the JUICE mission was performed by Dirkx et al. (2016) . Based on their analysis, we include the k 2 /Q of Io, Jupiter and Europa in the estimation (each at their respective once-per-orbit frequency). Additionally, we include Io's k 2 in our estimation. We estimate the initial state of the four Galilean moons in a Jupiter-centered frame, as well as the initial state of Jupiter in a barycentric frame. To mitigate the difference between the marginal and conditional uncertainties (Section 2.2), as well as to absorb systematic errors in the measurements themselves, we estimate an arcwise observation bias for each of the data types.
Covariance analysis
We use simulated observations of the types presented in Section 2 as input to a covariance analysis (e.g. Montenbruck and G 2000; Milani and Gronchi, 2010) . Some mathematical details of covariance analysis are discussed in Appendix A. We use the dynamical model presented by Dirkx et al. (2016) , which derives strongly from Lainey et al. (2004 Lainey et al. ( , 2009 ). We use a modified version of the Tudat toolkit 2 , discussed in more detail by Dirkx (2015) .
For our analysis, we restrict ourselves to covariance analyses. Although the formal errors that are obtained from such analyses are known to often be too optimistic, covariance analysis is well suited to our investigation, since our goal here is first and foremost to analyze the relative contribution of the VLBI data, not to obtain absolute values for the positioning uncertainties. Secondly, the broad range of settings that we use requires the analysis of many (>100,000) different scenarios. This would be infeasible with methods in which the true error is more realistically assessed, such as those used by Konopliv et al. (2011) ; Lemoine et al. (2014); Fienga et al. (2014) ; Dirkx et al. (2015) .
The ratio between the true and formal errors is difficult to robustly quantify for a general problem. It is estimated by Jones et al. (2015) (in the context of VLBI data analysis) that planetary ephemerides typically have a true-toformal error ratio of 2-3. Hofmann et al. (2010) estimate a value of 2 for the true-to-formal error ratio for estimation of relativity parameters using Lunar Laser Ranging (LLR) data. Conversely, Lainey et al. (2009) find that the formal error that they obtain for Io and Jupiter's k 2 /Q is a robust measure for the true uncertainty in this parameter. Fienga et al. (2015) find that the 3σ formal confidence interval obtained from a least squares adjustment corresponds well to the estimated true 1σ error, for general relativity parameters estimated from planetary ephemerides, provided that sources of model uncertainty are concurrently considered: specifically asteroid masses and observational biases. The use of covariance analysis in preliminary mission tracking performance has been conducted for various previous, upcoming and planned missions (e.g. Wu et al., 2001; Rosat et al., 2008; Dirkx et al., 2014; Mazarico et al., 2015) , with a focus on a variety of different data types. However, such studies have typically been on the direct science return of orbiter/flyby spacecraft tracking (gravity fields, rotational parameters etc.), whereas our focus is on the analysis of natural satellite dynamics and the associated physical parameters of the Jovian system. Covariance analysis provides more realistic results for the analysis of the estimation of natural bodies (compared to orbiter dynamics), as the dynamical models that we use for the moons will be able to capture the full observable behaviour, as analyzed by Dirkx et al. (2016) . For orbiter dynamics simulation and estimation, on the other hand, the dynamical model errors are not captured by a covariance analysis. Indeed, true-to-formal error ratios of parameters estimated directly from spacecraft tracking (gravity fields, rotational parameters etc,) are typically in the order of 10 (e.g. Marty et al., 2009; Konopliv et al., 2011; Mazarico et al., 2015) .
We compute the covariance for each of the combinations of the cases listed in Table 2 (and discussed in Section 3.3), as well as each combination of the JUICE position and velocity error cases shown in Table 1 . For each of these combinations, we simulate a solution where Doppler/range observations are the only radio data types, as well as a solution in which the VLBI data is included, at σ h =0.1, 0.5 and 1.0 nrad.
Observation planning
We fix the 3GM range and Doppler data schedule and quality (see Section 2.3) to a single nominal scenario:
• Flyby phase: an 8 hour Doppler and range tracking pass for each flyby, centered at closest approach: σṙ = 0.01 mm/s at 60 s integration time, and σ r = 0.2 m, every 300 s.
• Orbit phase: one 8 hour Doppler and range tracking arc per day: σṙ = 0.01 mm/s at 60 s integration time, and σ r = 0.2 m every 300s.
Due to the greater amount of resources that are required for PRIDE operations (many telescopes operating in synchronization) compared to 3GM, the cadence of the VLBI observations is substantially sparser than that of the Doppler and range observations. Nominally, we simulate VLBI tracking observations during every 2 nd flyby of each moon, and during a single 8 hour arc per month during the entire Ganymede orbit phase. We use the same tracking pass length and integration time as for the range measurements.
In the first two columns of Table 2 , we summarize the variations of the PRIDE observation planning schedule that we investigate. We distinguish between the orbit and flyby phase, changing the cadence of the tracking observations during the orbit from weekly to none at all. For the flyby tracking, we investigate both an overall reduction/increase in tracking cadence, as well as the complete removal of VLBI tracking data from each of the moons.
Although our focus in this work is the contribution of PRIDE-JUICE, we also investigate the influence of the use of optical astrometry. For the JUICE-based astrometry data, we simulate two arcs of data per year, either for Io only or Io and Europa (see Table 2 ). For the simulated Earth-based astrometry, we apply a similar twice-per-year observation schedule.
Stabilization of Solution
The JUICE tracking data is obtained mostly at Ganymede, during the orbit phase. This provides a severe challenge for the estimation, since the dynamics of Io, Europa and Ganymede have to be estimated largely from observing the dynamics of Ganymede. The coupling between Callisto's dynamics and that of the inner three moons is rather weak, so the Callisto flyby data is not expected to contribute strongly to the estimation of the inner moons. The two flybys of Europa will be helpful in stabilizing the solution for the inner three moons, but the fact they are so closely spaced in time reduces their contribution to constraining the dynamical evolution. In fact, we find that the numerical inversion becomes strongly ill-posed (e.g. normal equations have a condition number that approaches and goes beyond 10 16 ), especially for the simulations without any optical data 3 . As a first mitigation strategy, we make use of a priori covariance for the estimated parameters. The present (and expected near-term) uncertainty in the dynamics of the Galilean moons is in the order of 10-100 km, obtained largely from optical astrometry observations (Lainey et al., 2009) . However, applying these levels of a priori uncertainty to the estimation will have relatively little influence on the solution, as the measurements are weighted at 2-5 orders of magnitude smaller linear uncertainty, making the influence of the a priori information small.
However, the combination of the range and VLBI measurements from 3GM and PRIDE provide a direct threedimensional position of the JUICE spacecraft w.r.t the Earth. By combining this with the JUICE spacecraft orbital solution w.r.t. the moon under consideration (Section 2.3), we kinematically obtain a measurement of r I 0 + r J i at a given measurement time, at an uncertainty of approximately that of the weights given by Eqs. (4)- (7). Using this knowledge of the kinematics, we can constrain the three-dimensional combined position of the moon and Jupiter at a given epoch. Using this approach, we apply an a priori constraint for the position of both Europa and Jupiter at a level determined by the total range and VLBI weights, with an a priori correlation of -1 between the initial state of Europa and Jupiter.
For the dissipation parameters of Io and Jupiter, we set the a priori uncertainty at 3 times the formal error reported by Lainey et al. (2009) . We set the a priori uncertainty of Europa's k 2 /Q at 0.075, which is a wide upper bound that is obtained from geophysical models, as calculated using the methods of Jara-Orué and Vermeersen (2011). The k 2 Love number of Io is observationally unconstrained. Models for the interior of Io predict Love numbers in a broad range of values (0.04-0.8). We conservatively set the a priori uncertainty of Io's k 2 at 1.0.
Results -Satellite ephemerides uncertainty
Using the simulation methodology outlined in Sections 2 and 3, the Galilean moon formal position uncertainty has been calculated for a broad range of mission and observation settings, using only simulated data obtained during the JUICE mission. The general results are presented in Section 4.1, while the influence of specific simulation settings is discussed in Section 4.2.
Nominal PRIDE contribution
Here, we present the results of the simulations using the nominal observation planning schedule (Table 2) , while varying the VLBI data uncertainty σ h . The results of the simulations are summarized in Table 3 (absolute formal  uncertainty) and Table 4 , which shows the relative change in formal errors when adding the VLBI data, compared to solutions without VLBI.
Ganymede
For σ h =0.5 or 1.0 nrad, the contribution of the VLBI data to Ganymede's in-plane component (i.e. the component that lies in the satellite's orbital plane) estimation is negligible (Table 4) . The σ h =0.1 nrad solution, however, consistently produces an uncertainty of Ganymede's in-plane position that is about 10-20 % better than the solution without VLBI. For off-nominal operational scenarios, this range varies slightly, but consistently lies between 5-25% (except for cases where the number of VLBI observations at Ganymede is greatly reduced). The greatest improved is obtained for JUICE Position Error Case 5. Although this indicates that the VLBI data helps to make the ephemerides quality somewhat less susceptible to the orbit determination quality of the spacecraft itself, the effect is only above our 5 % cutoff at σ h = 0.1 nrad. Generally, at a maximum relative influence of 25 % on the formal error, the contribution of the VLBI data on Ganymede's in-plane position is rather weak.
The uncertainty in Ganymede's out-of-plane component (i.e. perpendicular to the satellite's orbital plane) is significantly reduced by the presence of the VLBI data, and there is a strong relation between the position uncertainty and σ h . This is a result of the fact that the range and Doppler data contribute only weakly to this component, and that Ganymede's out-of-plane component correlates only weakly with other parameters. For the 1.0 nrad solution, increasing the uncertainty in JUICE's position during the orbit phase from case 1 to case 5 degrades the solution by about 25 m, compared to a degradation of 150 m in the case of the no-VLBI solution. For the 0.1 nrad observable, the solution becomes almost independent of the orbit uncertainty during the orbit phase, and a formal position uncertainty at the 8-10 m level is consistently obtained. However, at these levels of uncertainty, the model simplifications that we have used may introduce more pronounced errors, in particular our approach in decoupling the orbit determination from the ephemeris generation.
Callisto
Out of the four moons, the VLBI data provide the strongest improvements for Callisto (Table 4 ). The inplane component of Callisto is consistently determined at >50 % better when using the VLBI data for the nominal 1.0 nrad case, increasing to 70 % for the 0.1 nrad VLBI data at JUICE Position Error Case 5. We see a stronger influence of the VLBI data for the poor JUICE orbit determination quality, indicating that the lateral position data helps to make the solution less sensitive to spacecraft orbit errors.
The uncertainty in the out-of-plane component of Callisto is improved even more by the inclusion of the PRIDE data, by a factor of at least 4 and up to a factor 50 for the extreme case of low-quality (Case 5) JUICE orbit determination and σ h = 0.1 nrad. The fact that the relative VLBI contribution becomes especially high for the poor JUICE orbit determination reiterates the result that inclusion of the VLBI data partly mitigates the influence of a reduction in JUICE orbit determination quality. Since the out-of-plane position of Callisto is very weakly coupled to the in-plane dynamics of Callisto, or the dynamics of any of the other moons, the no-VLBI solution relies heavily on the weak kinematic influence of the out-of-plane component on the line-of-sight observables. The lateral position observable, however, directly measures this component, resulting in a solution that scales almost directly with the uncertainty of the VLBI observable.
Europa and Io
Since Io is not observed directly at all, and Europa is only observed twice at very closely spaced points in time, the constraints on both Io's and Europa's dynamics rely strongly on their signatures on the dynamics of Ganymede (due to the Laplace resonance), as well as on the direct optical astrometry data. Due to the strong dependence on the astrometry data (Section 4.2.2), their orbital solution is largely insensitive to the radio tracking data quality (Table 4).
The in-plane component of Europa is estimated at about 50 % better when including the VLBI data at 0.1 nrad. This is in part due to the stronger a priori uncertainty that can be applied in these cases (Section 3.4), which improves the solution beyond that achieved by mainly JUICE-based astrometry data. The out-of-plane component shows a more substantial improvement, which remains significant for the full range of cases that we analyze. Unlike the solution for Ganymede and Callisto, the out-of-plane uncertainty is actually smaller than that of the in-plane component. This is a direct result of the strong correlations with the position of both Io and Ganymede that are present for the in-plane, but not the out-of-plane, component. As a result, the addition of VLBI data of Europa has a much more significant impact on its out-of-plane component.
A numerical issue occurs with the determination of the uncertainty of the dynamics of Io (and to a lesser degree Europa). This is a consequence of the remaining degree of ill-posedness of the solution, despite the steps taken to reduce the problem (Section 3.4). In particular, the ephemeris solutions in certain cases show a strong sensitivity to simulation settings in a way that is indicative of the onset of numerical instability.
This will provide a challenge when analyzing the JUICE tracking data. Possibly, the weights of the tracking data will need to be reduced to below the inherent measurement/JUICE position uncertainty (e.g., Murrow and Jacobson, 1988) , giving greater weight to the a priori constraints. However, this would prevent the full information content in the tracking data from being exploited.
We do not focus on detailed analysis strategies by which to reduce the condition number of the normal equations. Future analyses, preferably including all tracking data, should be performed to ensure that the full suite of JUICE tracking data can be optimally used to address the mission's science goals. Nevertheless, the results we obtain here strongly indicate that PRIDE data may not significantly contribute to the generation of stable ephemerides of Io, and to Europa's ephemeris in only a limited fashion.
Influence of observation settings
In this section, we discuss the influence that varying the observation settings has on the formal estimation error, and in particular the relative influence of the VLBI data. Sections 4.2.1, 4.2.2 and 4.2.3 present the influence of the VLBI observation planning (both during flybys and the orbit phases), the use of optical astrometry and the quality of the Doppler-based JUICE orbit determination, respectively.
Influence of observation planning
The results of influence of the VLBI observation planning are shown in Table 5 , where the results are shown in which only a single component of the planning under consideration is changed ( Table 2) .
The Ganymede in-plane component is only negligibly influenced by the observation cadence during the orbit phase, as a result of the highly accurate 3GM data and spacecraft orbit determination. The out-of-plane component is improved in the range of 15 − 45% when increasing the cadence to weekly, as opposed to the nominal monthly.
Reducing the amount of VLBI data during the orbit phase to trimonthly increases the error in Ganymede's outof-plane component by only 5% for the σ h = 1.0 nrad case, compared to just over 15 % for the 0.1 nrad case. When omitting the VLBI data entirely during the orbit phase, the influence is again especially strong for the σ h = 0.1 nrad case (degradation of close to 100 %). This indicates that an improvement in VLBI tracking data quality beyond the current 1.0 nrad level not only improves the nominal uncertainty of the ephemerides (Table 4) , but it consequently also provides a greater incentive for a denser tracking schedule.
Interestingly, removing the VLBI data altogether during the Ganymede orbit phase reduces the quality of Callisto's out-of-plane component in the case of the 0.1 nrad observable quality. This is a result of the (weak) dynamical coupling between the moons. The degradation is especially strong for relatively poor orbit quality at Ganymede, and relatively good orbit quality during the flybys. The same effect is observed in the inverse case: removing the Callisto tracking altogether significantly affects the uncertainty in Ganymede's out-of-plane component for σ h = 0.1 nrad.
In general, the removal of the VLBI data during the Callisto flybys reduces the uncertainty in both its in-and out-of-plane component to (almost) the no-VLBI solution. The VLBI data during the Europa flybys significantly affects the solution mostly for the σ h = 0.1 nrad case (Table 5) , with a relatively weak influence for the σ h =0.5 nrad case. Similarly, we observe that none of the variations of the VLBI planning that we consider here significantly affect the estimation error of Io.
The overall cadence of the VLBI tracking during the flybys is only weakly influential on the estimation quality in most cases. In fact, the influence is below our 5% threshold for each satellite when going from the nominal case (every 2 nd flyby) to a slightly reduced every 3 rd flyby (e.g one out of every three). Performing VLBI tracking during every flyby is more influential, but only moderately so. Again, it is especially influential for highly accurate data (σ h = 0.1, 0.5 nrad), with the exception of Callisto out-ofplane component. By far the strongest relative influence of the flyby data comes from the direct contribution of the Callisto flybys (as previously shown in Section 4.1).
Contribution of optical astrometry
As shown in Table 2 , we have used various settings for the optical astrometry obtained by the JUICE spacecraft. Here, we qualitatively discuss the influence of these data on the estimation results. The results without the optical astrometry consistently become numerically unstable. We find that when using only the 3GM and PRIDE data, condition numbers at the level of 10 16 -10 18 are commonplace in these cases. Our results indicate that the astrometry data of especially Io is crucial in stabilizing the solution, while the Europa optical astrometry data is of secondary importance. In future work, the planning of the JANUS and/or NavCam astrometry as input to the ephemerides should be analyzed in more detail and optimized.
We have also performed simulations in which Earthbased astrometry is included, to assess the possible contribution of these data to the ephemeris generation. However, even for the case of 10 mas optical astrometry from Earth, the data often fails to stabilize the solution, since the linear position uncertainty (≈ 40 km; see Section 2.3) is orders of magnitude worse than the radio and JUICEbased astrometry data.
However, we stress that the Earth-based optical data will be of crucial importance outside of the time interval that JUICE is in the Jovian system, to provide a longperiod data set for the positions of the moons. A detailed investigation of the combination of spacecraft data, and a long time-series of Earth-based optical data, is beyond the scope of this article and will be investigated in future work.
As a potential complementary approach to the use of optical astrometry to stabilize the solution, the use of JUICE data combined with data from the Europa Clipper mission, previously called EMFM (Europa Multiple Flyby Mission), (Bayer et al., 2015; Mazarico et al., 2015) may result in a stabilized solution for the ephemerides of the moons, as it would provide direct tracking data of Europa, spaced in time much wider than is the case for JUICE. Similarly, Juno data, as well as any future tracking data that provides accurate information on the dynamics of Europa or Io, such as the Io Volcano Observer (IVO) mission (McEwen et al., 2014) will be greatly beneficial to the analysis of JUICE tracking data. This indicates that multiple missions to the Jovian moons will enhance the total science return of each mission separately, by providing measurements of the dynamics that are more evenly distributed over the various moons.
Influence of JUICE orbit quality
We stack the position uncertainty of JUICE with the measurement uncertainty to obtain the measurement weights for the least-squares adjustment, see Eqs. (4)- (7). Here, we discuss the influence of the components of the position uncertainty on the moon initial position uncertainty (see Table 1 ) in more detail.
We do not show all combinations of uncertainty cases explicitly, but limit ourselves to the those where the influence of the initial position uncertainty is consistently outside the ±10% range. We have considered three different mission phases (flybys, high-altitude orbit and low-altitude orbit), with distinct uncertainties (Table 1) .
The influence of the flyby positioning uncertainty on the ephemerides of Ganymede and Callisto (in-and out-ofplane) is shown in Figs. 3. The influence of the positioning error during the orbit phase on the out-of-plane component of Ganymede's ephemeris is shown in Fig. 4 .The figures show the results for a number of combinations of uncertainties in other phases, as well as VLBI data uncertainty. We omit the results for Io and Europa here entirely, as the influence of the radio tracking data is very limited for these bodies (Section 4.1.3).
Figure 3(a) shows that the flyby positioning uncertainty has a substantial influence on the quality of Ganymede's ephemeris, especially for the in-plane components. The influence on the in-plane components is only very weakly influenced by the quality of the VLBI data, however. For the out-of-plane component, the total variation with JUICE orbit quality is limited to about ±10%, even in the absence of VLBI data. Nevertheless, the inclusion of VLBI largely removes the (small) dependency of the out-of-plane uncertainty on σ r i sc . For Callisto, it is mostly the flyby tracking data that influence the solution (Fig. 3(b) ). The in-plane component varies with flyby positioning uncertainty in essentially the same manner for both the solutions without and with VLBI data. This magnitude of the influence of JUICE positioning uncertainty is substantially stronger for Callisto than for Ganymede. This is a result of the relatively stronger influence of σ r i sc and σṙi sc on the measurement weight during the flybys (compared to the orbit phase). For the out-of-plane component, however, the inclusion of the VLBI data again strongly decreases the sensitivity of the positioning uncertainty, as was the case for Ganymede.
The influence of the JUICE positioning errors during the Ganymede phase are of relatively minor influence on the ephemerides of all moons except Ganymede itself. For the uncertainty in Ganymede's ephemeris, it is especially Table 1 (we take case 4 in each phase to be the nominal case). In each figure, one phase is varied along the abscissa, while Case 1, 4 and 5 of one other phase is shown in color (as indicated by figure caption). Settings for VLBI data are indicated by line style. [%]
Varying flyby (color)
Influence on ephemeris of Ganymede Table 1 , (we take case 4 in each phase to be the nominal case). In each figure, one phase is varied along the abscissa, while Case 1, 4 and 5 of one other phase is shown in color (as indicated by figure caption). Settings for VLBI data are indicated by line style. The legend is given in Fig. 3 .
the out-of-plane component that is affected by JUICE's position error during the orbit phases (see Fig. 4 ), with changes of down to −50% and up to +70% in the absence of VLBI data, when moving from spherical orbit phase error case 1 to case 5. The influence of spacecraft position uncertainty during the orbit phase on the out-of-plane component reduces to about 10 % and 30 % for the σ h =0.1 nrad and 1.0 nrad cases, respectively. By taking a broad range of values for the orbital uncertainties, we indirectly include the performance of the 3GM (and PRIDE) Doppler tracking into our simulation, albeit in a conceptual manner. Future detailed analyses of the JUICE orbit determination, including the various uncertainties in the environment (gravitational parameters, gravity field coefficients, radiation pressure etc.), should be combined with our results here to analyze the coupling between the two in detail. Here, our focus is on the contribution of the VLBI data, not a full analysis of the tracking data inversion. In preparation of such detailed analyses, we contrast our assumptions and results with the preliminary results obtained from a covariance analysis of the spacecraft orbit determination from Doppler tracking data during the various mission phases using the Orbit14 software (Cicalò et al., 2016) (keeping the moons' states fixed) in Appendix B.
Results -Jovian system parameter uncertainty
In addition to satellite states, we also estimate the uncertainty of various physical properties of the bodies in the Jovian system, and Jupiter's barycentric dynamics, which we discuss in Sections 5.1 and 5.2, respectively.
Physical parameter estimation quality
The simulation results show that the dissipation inside Io can be constrained at the level of 4.5-5·10 −3 formal error by JUICE data, a value which is quite insensitive to most of our radio data observation settings. An important exception occurs when using lateral position data with a 0.1 nrad uncertainty, for which the uncertainty of Io's k 2 /Q decreases by about 20% (for accurate JUICE orbit reconstruction) to 3.5-4.5 · 10 −3 . However, when omitting (or reducing the quality of) the optical astrometry data from the estimation, the quality and stability of the estimation of Io's k 2 /Q reduces to the a priori uncertainty, indicating that the estimation is obtained largely from these data. This is directly in line with the results presented in Section 4.1.3, where we show that the dynamics of Io (and to a lesser degree Europa) are only weakly influenced by the radio data, and are instead largely derived from the optical astrometry.
Moreover, considering the current uncertainty in the dissipation inside Io, combined with the expected improvement in astrometric data reduction facilitated by the Gaia mission (Arlot et al., 2012) , it is unlikely that a JUICEonly solution will provide an improved estimate of the dissipation inside Io, compared to the expected state-ofthe-art in the 2030s, especially when one considers that our results are only formal errors. However, the JUICE data will provide a crucially accurate data set that will complement the existing and future optical astrometry data. Specifically, the JUICE tracking data will provide a 'ground truth' for the positions of the moons (especially Ganymede), providing the ephemeris generation with less freedom when fitting a long-period data set. Additionally, by optimizing the JANUS and NavCam observation schedule of Io, the dissipation estimation will likely be improved beyond the values we have obtained here.
Our simulations show that even when setting Europa's a priori k 2 /Q to 0.075, the estimation fails to improve the uncertainty in a meaningful manner for any of the simulations. The same holds for the estimation of Io's k 2 , which is not improved significantly beyond its a priori value. Similarly, the dissipation inside Jupiter is only weakly improved beyond its a priori uncertainty of 4·10 −6 (to about 3.0 · 10 −6 ). Consequently, neither Jupiter's nor Europa's internal dissipation can be clearly distinguished in the JUICE tracking data alone. However, as was mentioned in Section 4.2.2, the tracking data from any additional missions to the Jovian system will be strongly synergistic with the analysis of the JUICE tracking data.
Jupiter ephemeris uncertainty
As a byproduct of our simulations for the ephemeris uncertainty of the Galilean moons, we obtain formal uncertainties for Jupiter's position, as estimated from simulated JUICE tracking data. However, the dynamics of Jupiter itself is influenced by many additional parameters that were not considered there. Most notably, external perturbations due to asteroids significantly influence planetary dynamics, whereas they reduce to weaker tidal terms in the problem of planetary satellite dynamics (in a local frame). We do not include asteroid mass uncertainty or estimation in our simulations. As a result, the formal errors that we obtain for the initial state of Jupiter will be overly optimistic to a greater degree than those of the Galilean satellites.
Nevertheless, our results provide preliminary insight into the information content of the Jovian dynamics that is encoded in the tracking data (Tables 3 and 4) . Also, we note that the use of Gaia astrometric data will allow the masses and dynamics of a number of asteroids to be improved (Hestroffer et al., 2010) , in part mitigating dynamical modelling error for Jupiter.
The in-plane component of Jupiter's initial position is determined at 50-200 m formal uncertainty for the solution without VLBI, and 20-100 m for the solution that includes the VLBI data. However, at these levels of uncertainty, it is unclear whether the measurement error will be the dominant true error source for the ephemerides.
Without the VLBI data, the out-of-plane component is quite sensitive to the spacecraft's position uncertainty, which ranges from 1,200 m (nominal) to 6,000 m (maximum off-nominal). As was the case for Ganymede's and Callisto's ephemerides, the inclusion of the VLBI data greatly reduces the uncertainty of this component, which is decreased to approximately 20 m, 50 m and 80 m for 0.1, 0.5 and 1.0 nrad measurement uncertainties, respectively (for JUICE position uncertainty case 4). The improvement in out-of-plane component is even stronger for Jupiter than for the moons. Less than a single orbit of Jupiter is observed, as opposed to about 175 orbits for Ganymede during JUICE's 3.5 year mission. However, it is likely that the uncertainty when including the VLBI data will be partly damped by dynamical model errors.
Varying the settings of our simulations shows that it is especially the Ganymede VLBI tracking data that contributes to the determination of the Jovian ephemeris, both during the flybys and the orbit phase (Table 5 ). Both the optical astrometry and Callisto/Europa flyby tracking data contribute relatively little to the Jovian ephemeris.
Tracking data from the Juno spacecraft (Jones et al., 2017) , which is presently orbiting Jupiter, will greatly improve the current uncertainty in the ephemeris of the Jovian system. Also, the Jupiter VLBI data of the Ulysses spacecraft (Folkner et al., 1996) will aid in constraining Jupiter's long-term dynamics. In addition, the Jovian gravity fields that the Doppler data from the Juno mission will produce ensure that Jovian gravity field uncertainty will not impact the ephemeris generation of the satellites from JUICE data (Dirkx et al., 2016) . However, the Juno mission will likely end about 10 years before JUICE's arrival in the system. Combining the data sets of the two missions will provide crucially accurate input to the generation of solar system ephemerides.
Conclusions
We have set up a covariance analysis to assess the accuracy to which the ephemerides of the Galilean moons can be determined from 3GM, PRIDE, JANUS and NavCam data from the JUICE mission, with a focus on the relative contribution of the VLBI data produced by PRIDE. Our results indicate that the main contributions of the VLBI data to the generation of the Jovian system ephemerides fall into two categories
• The strong improvement of the out-of-plane component of the ephemerides, particularly for Ganymede and Callisto.
• The reduction of the influence of the orbit determination quality of the JUICE spacecraft on the uncertainty of the ephemerides.
At many points in the results, we observe distinct behaviour for the results obtained using 0.1 nrad VLBI data on the one hand, and 0.5 and 1.0 nrad data on the other hand. As such, it is strongly recommended that the Kaband signal be exploited for PRIDE lateral position data, as well as the planned use for 3GM. However, this will require a much denser catalogue of reference sources in this frequency range, as well as a broader availability of Ka-band receiver hardware at the stations. An effort to densify a catalogue of reference sources in the ecliptic plane is currently underway (Shu et al., 2017) . The task is also synergistic to the ongoing effort in creating the next-generation VLBI-based International Celestial Reference Frame, ICRF3, with the aim of providing the reference sources position uncertainty floor at 0.2 nrad (Malkin et al., 2015) .
Our numerical simulations show that creating ephemerides from JUICE data alone will require the inclusion of spacecraft optical astrometry, if the data is to be weighted at its inherent quality. However, even with the inclusion of optical astrometry, the solution of especially Io becomes unstable in certain cases. The combination with other missions in the Jovian system (IVO; Europa Clipper), or optimization of the optical astrometry schedule, will at least partly mitigate this issue.
The estimation uncertainty of Io's k 2 /Q is largely insensitive to both the planning and uncertainty of the VLBI observations. This is due to the fact that uncertainties in Io's and Europa's dynamics limit the degree to which this parameter can be estimated. Nevertheless, our results indicate a formal error that is similar to that obtained by Lainey et al. (2009) . Also, the estimation is not able to substantially improve upon the a priori estimate of the dissipation in either Jupiter or Europa. However, a combination of JUICE tracking data with Earth-based astrometric and photometric data, as well as data from other missions (Juno, Europa Clipper, etc.) will allow an improved determination of dissipation parameters. These improvements in the ephemerides will shed new light on the origin and evolution of the Jovian system, and allow an improved characterization of the stability of the conditions inside the satellites, with key implications to the analysis of icy satellites as habitats. Moreover, improvements made in satellite ephemerides early in the mission will reduce the uncertainties in later flybys, reducing the ∆V required for trajectory corrections.
Finally, we have found that the VLBI data could be especially important for the determination of the ephemeris of Jupiter itself. However, the degree to which measurement uncertainties and dynamical model errors will enter the error budget of the ephemeris generation must be investigated in more detail before any robust statements can be made.
In this article, we have taken a broad view of the influence of PRIDE-JUICE on the ephemerides. Our primary model simplification has been the decoupling of the orbit determination and ephemeris generation. Future analyses, in which the dynamics of the moons, Jupiter and the spacecraft itself are concurrently considered will be crucial in determining the contribution that PRIDE's Doppler data will provide, as a supplement to the 3GM data. Additionally, any possible contribution of the VLBI data to the orbit determination, especially in between flybys, where orbit reconstruction is typically less accurate, remains to be investigated. This last point is especially critical in the application of the constrained multi-arc solution strategy. The covariance matrix P is then computed from the following
where P0 is the a priori covariance matrix and W is the weight matrix of the observations, which we set as a diagonal matrix with Wii = σ −2 h,i , implicitly assuming the measurement uncertainties to be uncorrelated. Here, σ h,i denotes the uncertainty of observation i (e.g. the observation for which row i of H denotes its influence on the estimated parameters).
In the above, P denotes the covariance matrix, from which the formal errors σq,j of the estimated parameters are computed from the diagonal of the covariance matrix as follows:
which are the values of the uncertainties that we discuss in the body of this manuscript.
Appendix B. Comparison with preliminary JUICE orbit determination
In this appendix, we briefly discuss the preliminary results of JUICE orbit determination simulations using the Orbit14 software (Cicalò et al., 2016) , keeping the moons' states fixed. These simulations are meant to validate the assumptions we have made in this article, as they provide (formal) values of the uncertainties we assumed (as listed in Table 1 ) .
The values presented as 'Case 1' in Table 1 correspond relatively well to the simulated position uncertainties of the spacecraft during the flyby/orbit phase, as obtained from Orbit14. We (preliminarily) find an along-and cross-track formal uncertainty of 3-4 m, and a radial formal positon uncertainty of 0.5 m during GEO/GCO5000. Similarly, values of 2.5 m for the along-track component, and about 0.25 m for both the radial and cross-track component, are obtained during GCO500. These values compare reasonable well to the Case 1 we have defined in Table 1 for these two cases (with the clear exception of the cross-track component during GCO500). The true error will be higher than a simulated formal error, especially for spacecraft orbit determination (Section 3.2). For the tracking data analysis from JUICE, though, this true-to-formal error ratio may not be as high as for many past and current missions due to the use of the dual-band tracking system. This system will cancel a substantial part of the time-correlated noise. Based on these results, we conclude that our assumed spacecraft orbit uncertainties for GCO500/GEO5000/GCO5000 lie within a realistic range, although the 'Case 5' may very well be too pessimistic. However, we note that the marginal position uncertainty of the moons will be substantially larger than their conditional uncertainty (Section 2.2).
Formal orbit uncertainties during the Europa flybys for the JUICE spacecraft are about a factor 4 better than our 'Case 1' uncertainties. The exceptional quality of the orbit reconstruction at Europa should be verified by more detailed analyses of the influence of various (non-Gaussian) error sources, but could be instrumental in reducing the ill-posedness of the ephemeris solution. The results for the JUICE formal estimation error at Callisto are reasonably well in line with Case 1 for about half of the flybys. For the rest of the flybys, the geometry of the spacecraft orbital plane w.r.t. the Earth is very close to edge-on (see Fig. 1 ), reducing the signature of the cross-track dynamics on the Doppler tracking data. Consequently, uncertainties of > 100 m in cross-track direction are obtained for these flybys. As the influence of the Callisto tracking data is largely limited to the estimation of Callisto itself, this effect will likely somewhat worsen its ephemeris uncertainty, but will not have substantial consequences for the other moons. A similar effect is observed for Ganymede, where the tracking geometry is poor for two flybys. As this geometric effect does not impact the first several flybys or the orbit phase, the impact on the total ephemeris reconstruction will likely remain limited, though. For these particular flybys, the use of VLBI data, which is sensitive to the cross-track dynamics at edge-on geometry, may be valuable.
Finally, we note that the ratio of components of σ r i sc and σṙi sc , which we use to approximate spacecraft velocity uncertainties, consistently lie within 10 − 20% of the values obtained with Orbit14.
The analysis of the influence of the exact flyby geometry should be treated with caution, as the precise geometry of the JUICE trajectory may very well be substantially different from the current working orbit. Although the total number of flybys, as well as their approximate times in the overall mission, are unlikely to be strongly modified at this point, modifications may result in a given flyby having a face-on, instead of edgeon, geometry (or vice versa).
